Active pharmaceutical ingredients (APIs) can be prepared in many different solid forms and phases that affect their physicochemical properties and suitability for oral dosage forms. The development and commercialization of dosage forms require analytical techniques that can determine and quantify the API phase in the final drug product. 13C solid-state NMR (SSNMR) spectroscopy is widely employed to characterize pure and formulated solid APIs; however, 13C SSNMR experiments on dosage forms with low API loading are often challenging due to low sensitivity and interference from excipients. Here, fast MAS 1H SSNMR experiments are shown to be applicable for the rapid characterization of low drug load formulations. Diagnostic 1H SSNMR spectra of APIs within tablets are obtained by using combinations of frequencyselective saturation and excitation pulses, 2D experiments and 1H spin diffusion periods. Selective saturation pulses efficiently suppress the broad 1H SSNMR signals from the most commonly encountered excipients such as lactose and cellulose, allowing observation of high-frequency API 1H NMR signals. 1H SSNMR provides a one to three orders of magnitude reduction in experiment time compared to standard 13C SSNMR experiments, enabling diagnostic SSNMR spectra of dilute APIs within tablets to be obtained within a few minutes. The 1H SSNMR spectra can be used for quantification provided calibrations are performed on a standard sample with known API loading. 
INTRODUCTION
Active pharmaceutical ingredients (APIs) exist in numerous distinct solid phases (e.g., polymorphs, cocrystals, salts, amorphous dispersions, etc.) and their physicochemical properties determine the performance of the API within solid dosage forms such as tablets.
1-3 13 C crosspolarization magic angle spinning (CPMAS) solid-state NMR (SSNMR) spectroscopy is widely applied for the identification, characterization, and quantification of pure and formulated solid APIs. [4] [5] [6] [7] Different solid API phases usually give rise to distinct 13 C solid-state NMR spectra with unique 13 C chemical shifts. [4] [5] [6] [7] However, the intrinsically poor sensitivity of natural isotopic abundance 13 C SSNMR spectroscopy and the low concentration of APIs (typically 2 to 35 wt.%) often make it challenging to detect and characterize APIs in dosage forms by SSNMR. Prior 13 C SSNMR studies of formulated drug products have shown that 13 C SSNMR spectra diagnostic of the API phase can be acquired even for API loadings down to ca. 1 wt.% in favorable cases. [7] [8] [9] [10] [11] But, it is well known that APIs and organic solids can have long 1 H longitudinal relaxation times (T 1 ) on the order of hundreds of seconds. [12] [13] [14] [15] [16] APIs with long 1 H T 1 will have substantially reduced sensitivity for 13 C SSNMR and it is challenging or impossible to study such APIs by 13 C SSNMR in formulations with low drug loads. Additionally, excipient materials in the formulation give rise to NMR signals that overlap/interfere with those from the API. Interference is especially problematic for 1 H and 13 C SSNMR experiments because most excipients are organic materials. 17, 18 Alternatively, NMR signals from the API can be selectively detected by probing NMR-active elements such as fluorine, 19, 20 nitrogen, 17, 21 sodium, 22 and chlorine 18, 23 that are exclusive to the API. Unfortunately, these NMR experiments are often infeasible because of poor sensitivity and/or absence of these elements in the API.
Dynamic nuclear polarization (DNP) [24] [25] [26] and fast magic angle spinning (MAS) 27 are often employed to enhance the sensitivity of SSNMR experiments by orders of magnitude. DNP has provided order of magnitude gains in SSNMR sensitivity, enabling 13 C, 15 N, and 35 Cl SSNMR experiments on a range of pure and formulated APIs. 17, 23, 26, 28, 29 DNP is especially helpful for NMR experiments on APIs with long 1 H T 1 . 30, 31 But, DNP currently requires specialized hardware, cryogenic sample temperatures and methods for doping the sample with stable radicals, which may cause unanticipated changes in the solid form of an API. 32 The achievable DNP sensitivity enhancements are also highly sample dependent. 17, 23, 26, 28 Fast MAS increases the sensitivity of SSNMR by providing access to high resolution 1 H SSNMR spectra and/or enabling proton detection of heteronuclei. 27, 33, 34 Fast MAS and/or homonuclear decoupling (i.e., CRAMPS) are routinely used to obtain high resolution 1 H SSNMR spectra of pure APIs. 4, 5, [34] [35] [36] [37] [38] [39] [40] Brown and co-workers applied CRAMPS double-quantum singlequantum (DQ-SQ) 1 H-1 H 2D NMR experiments to differentiate hydrated and anhydrous forms of an API in a dosage form of unspecified API loading. 41 They also showed fast MAS DQ-SQ experiments can detect and resolve minor polymorphic forms within mixtures of pure APIs down to a loading of 1 wt.%. 42 Zhou and Rienstra have previously applied fast MAS and proton detection to obtain 2D 1 H- 13 C HETCOR spectra of an ibuprofen tablet with high API loading (ca. 65 wt.%). 43 Though, proton detected 2D 1 H{ 13 C} SSNMR experiments are unlikely to provide significant gains in sensitivity as compared to direct detection 1D 13 C CPMAS SSNMR with large diameter rotors.
Here, we investigate the feasibility of using fast MAS 1 H SSNMR experiments (ν rot ≥ 50 kHz) to rapidly detect and characterize dilute APIs in commercial and model dosage forms. 1 H SSNMR offers much greater sensitivity than 13 McNeil Consumer Healthcare) were purchased from CVS Pharmacy. The API wt.% in the commercial tablets was determined by dividing the reported API dose by the total measured mass of the tablet (Table S1 ). Polymorphs of mexi were prepared from the as received mexi-I 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 tetramethylsilane (δ iso = 0 ppm) using adamantane (δ iso = 1.82 ppm) and the unified scale in the IUPAC standard. 46 13 C chemical shifts were referenced to neat tetramethylsilane (δ iso = 0 ppm) by setting the high frequency peak of adamantane to 38.48 ppm. All SSNMR spectra were processed using the TopSpin v3.5 software package. 1 H SSNMR experiments at both fields were performed with MAS frequencies of 50 kHz.
See Figure S1 for the pulse sequences used in this work. Figure S1C ).
For experiments on theo at 9.4 T DANTE pulse trains 48, 49 were used for selective-excitation. The DANTE excitation pulses consisted of a train of fifteen 0.2 µs pulses, each separated by two rotor cycles (40 µs). The rf field of the 0.2 µs pulses was 85 kHz. MAS 13 C SSNMR spectra were obtained with cross-polarization to enhance sensitivity. 50 13 C SSNMR spectra were acquired with the CP-TOSS sequence with a 243-step phase cycle. 51, 52 The 1 H CP spin lock pulse was linearly ramped between 90% and 100% of the spin lock RF field to broaden the Hartmann-Hahn match condition. 53 The length of the contact pulse was between 1.5 and 2.5 ms and was optimized on each sample. SPINAL-64 heteronuclear decoupling 54 with an RF field of ca. 80 kHz was used for all 13 C NMR experiments Powder X-ray diffraction. Powder X-ray diffraction was used to confirm that the mexi polymorph synthesis was successful ( Figure S3 ). Powder X-ray Diffraction (PXRD) patterns of all of the samples were obtained using a Rigaku Ultima U4 XRD, with a CuKα source (λ = 1.540562 Å). A 2θ range of 5º to 50º was scanned in stepwise fashion (step size = 0.05º, dwell = 2 seconds) for a total acquisition time of ca. 20 mins per sample. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 enhance resolution and provide access to additional 1 H chemical shifts of the API (see Figure S1 for pulse sequences). 2D 1 H SD NMR experiments with SSPs were performed on pure mecl and the mecl tablet ( Figures 2B and 2C ). 2D 1 H SD NMR spectra of the mecl tablet could also be obtained without SSPs because the ammonium peak is well resolved (Figures S6 and S7 ).
RESULTS AND DISCUSSION

Fast MAS 1 H SSNMR Spectra of Representative APIs and Typical Excipients.
However, SSPs are required to reduce excipient signals in most tablets. 1 H spin diffusion occurs 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 during the delay (τ SD ) between the last two π/2 pulses, producing additional API peaks in the rows of the 2D NMR spectra. Spin diffusion only occurs between 1 H nuclei that are proximate, 61, 62 therefore, the NMR spectrum of the mecl tablet extracted from the ammonium peak row at 12.7 ppm will only show 1 H NMR signals from the API (dashed lines in Figure 2 ), assuming that the API is crystalline and phase segregated from the excipients. Figure 2D clearly shows that the same API phase is present in pure mecl and the mecl tablet, in agreement with 13 C SSNMR experiments (see below). The 1 H SSNMR spectra obtained from the rows of the 2D spin diffusion spectra are distinct from the 1 H spin echo NMR spectra because peak intensities depend upon the spin diffusion rates between the high frequency peak and the lower frequency peaks (cf. Figures 2A and 2D). For isolated spins, spectral spin diffusion rates are determined by the strength of the dipolar coupling of the two coupled spins and the peak overlap integral evaluated at zero frequency. 63, 64 The peak overlap integral is approximately inversely proportional to the square of the frequency difference. 63, 64 For example, the ammonium peak shows rapid spin diffusion to the positively shifted aromatic 1 H NMR signals because the peaks have similar shifts and partially overlap at their baseline. On the other hand, the methyl and ammonium cross-peak has a low intensity and the cross-peak is negative. 1 H spin diffusion between the methyl protons and ammonium groups is likely slow because methyl and ammonium peaks are well separated (∆δ ≈ 11 ppm = 8.8 kHz at 18.8 T). Conventional ZQ spin diffusion ( 1 H-1 H flip-flop) causes positive cross-peaks. We therefore speculate that the negative ammonium-methyl cross-peak could be caused by a double-quantum nuclear Overhauser effect (DQ-NOE) and this will be the subject of future study.
Notably, the 2D SD 1 H NMR spectra were obtained in a few hours and experiment times could be further accelerated by reducing the spin diffusion time to focus the observed direct dimension 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 signal into fewer API peaks or by acquiring fewer increments in the 2D experiment (with the tradeoff of reduced resolution in the indirect dimension). The data shown in Figure 2 were acquired at B 0 = 18.8 T, but 2D 1 H SD NMR experiments with SSPs were also successful at B 0 = 9.4 T ( Figure S8 ). selective excitation spin diffusion (SE-SD) NMR experiments can be performed ( Figure S1C ). In the 1D SE-SD NMR experiments on mecl, the ammonium peak at 12.7 ppm was selectively excited with a low-power 600 µs π/2 pulse. The transverse 1 H ammonium magnetization was then of the mecl tablet was obtained with a 4 mm rotor and had a SNR of 17 after 2 hours of signal averaging ( Figure 3C and Figure S9 ). For the 13 C SSNMR experiments S = 1.6 min -1/2 , while the 1D 1 H SSNMR spectrum of the mecl tablet had a S of 63 min -1/2 and the 1D 1 H SE-SD spectrum had a S of 8.1 min -1/2 ( Figure 3A and Figure S9 ). Figures 3B and 3D (also Figures S10 and S11). Diagnostic 1 H SSNMR spectra of phenaz in the tablet were obtained in a few minutes with the 1D SE-SD pulse sequence ( Figure 3B ). The similarity of the 1D SE-SD spectra of the pure phenaz and the phenaz tablet suggests the same API phase is present in both. The 1D SE-SD spectrum of phenaz in the tablet showed a SNR of 160 after 4.5 minutes of signal averaging (S = 75 min -1/2 ), demonstrating the improved sensitivity provided by 1 H SSNMR spectroscopy.
Comparing the 1D 1 H SE-SD spectrum and the 13 C CPMAS spectrum of the phenaz tablet shows that 1 H SSNMR provides an order of magnitude improvement in sensitivity, corresponding to a 100-fold reduction in experiment time. For example, consider a hypothetical 2 wt.% phenaz tablet:
only 20 minutes would be required to obtain a 1D SE-SD 1 H SSNMR spectrum with a SNR of ca.
10, while ca. 4.5 days would be required to obtain a 13 C CPMAS with similar SNR.
The tablet Sudafed® PE containing 7 wt.% of the API phenylephrine hydrochloride (pheny) was also studied (Figure S12-S15). This tablet is challenging to characterize because it has a low API loading, pure pheny has a relatively long 1 NMR spectrum of similar quality was obtained after 16 hours of signal averaging (Figures S15).
Comparison of the 13 C CPMAS spectra of pure pheny and the tablet suggest that the API is likely amorphous in the tablet. This is reflected in the distinct appearance of the 1 H SSNMR spectra of the pheny tablet and pure pheny. In contrast, a model 7 wt.% pheny formulation made of a physical mixture of crystalline pheny and MCC yielded 1 H SSNMR spectra consistent with the crystalline phase ( Figure S14 1 H SSNMR spectra were obtained with a 50 kHz MAS frequency at B 0 = 9.4 T. 13 C SSNMR spectra were obtained with a 8 kHz MAS frequency at B 0 = 9.4 T. Dashed lines are guides for the eye to illustrate the differences in isotropic chemical shifts. and theophylline monohydrate (theo-m) are shown in Figure 4 . The similarity of the 1 H and 13 C SSNMR spectra to those previously reported for the different polymorphs confirms the identity and purity of each polymorph. 32 The 1D 39 The single crystal X-ray structure of theo-II shows the NH group forms a hydrogen bond to the nitrogen atom in the five-membered purine ring of an adjacent theophylline molecule. 45 The NH group forms a hydrogen bond to a carbonyl group of an adjacent theophylline molecule in both theo-m and theo-I. 45 1 H T 1 measurements were performed on the different pure theo forms with both slow (n rot = 8 kHz) and fast MAS (n rot = 50 kHz) frequencies. Under slow MAS each 1 H NMR signal showed a similar mono-exponential T 1 because 1 H spin diffusion is rapid between all 1 H spins ( Figure S16 ). The spin-lock pulse shortens the effective T 1 of high frequency theo amine 1 H NMR signals from several hundred seconds to less than 90 seconds (Table S3 ). Therefore, a 1 H broadband π/2 excitation pulse, spin-lock pulse, flip-back π/2 pulse block was inserted prior to any SE pulses in the subsequent 1 H SSNMR experiments on theo ( Figure S1 ). For 1D SE-SD experiments on theo a spin-lock pulse was used to promote 1 H spin diffusion in lieu of the usual longitudinal magnetization storage period ( Figure S1E ). Spin-lock pulses used to accelerate 1 H spin diffusion in theo were between 600 µs and 1.8 ms in duration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 NMR experiments were performed on mixtures of theo solid forms and MCC to demonstrate the potential of fast MAS 1 H SSNMR to rapidly detect different solid API forms when they are dilute within a formulation. A mixture consisting of 85 wt.% MCC, 10 wt.% theo-II and 5 wt.% theo-I was used in these initial experiments. This mixture mimics a scenario where there is a total drug load of 15 wt.% in the formulation and one-third of the API (theo-II) has undergone a transition to a secondary API phase (theo-I). In the 1D 1 H SSNMR spectrum obtained without SSPs, the high frequency amine signals of both theo-I and theo-II are obscured ( Figure 5A , inset).
Detection of Polymorphic
Acquisition of a 1D
1 H SSNMR spectrum with SSPs helps suppress the MCC signals and clearly
shows both amine and methine 1 H NMR signals for both theo forms ( Figure 5B ).
1D SE-SD NMR experiments were also performed with DANTE SE pulses on resonance with the amine signal of theo-I or theo-II ( Figures 5C-5F ). The 1D SE-SD 1 H SSNMR spectra 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 delay over 1 minute to be used for optimal sensitivity. The SSNMR experiments on the theo-MCC mixture illustrate why it is challenging to characterize formulations with low API loading by conventional 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mexi formulation mimics the composition of a tablet with 16% of the API converted to a secondary phase (mexi-III).
The mexi formulation is challenging to study by 1 4.7 to 3.7 ppm, which falls within the MCC lineshape ( Figure S19A ). However, at these offsets the 1 H NMR signals from mexi-I and mexi-III are also partially saturated, likely because the mexi 1 H SSNMR spectra are poorly resolved at 9.4 T and 1 H spin diffusion rapidly equilibrates polarization across the spectrum. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 formulation ( Figure 6E-H) . The rows extracted from the 2D SD 1 H NMR spectra at an indirect dimension shift of 9.7 ppm are shown in Figure 6I- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 wt.% and the average relative error was 9.9% of the expected API loading (Table S4) (Table S5 ). All NMR spectra of mecl were obtained with recycle delays of 1.3×T 1 for optimal sensitivity. However, there is likely some uncertainty in the measured T 1 values and this will affect the accuracy of quantification. Quantification could be improved by using longer recycle delays to minimize the contributions of longitudinal relaxation to signal differences. For the commercial phenaz tablet the API loading was measured to be 69 wt. % which is within 1 wt.% of the expected value of 68 wt.%. The phenaz quantification was performed with 1D SE-SD experiments that used recycle delays of 5×T 1 . We anticipate that the accuracy of API quantification by 1 H SSNMR could be further improved by using common practices such as adding an internal standard to the sample, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ppm to be studied. 27, 34 Alternatively, DQ NMR experiments can provide improved resolution and shift discrimination, 41, 42 at the expense of reduced sensitivity. While the focus of the current work has been on pharmaceuticals, the methods described here should also be applicable to study other complex mixtures of organic solids. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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